In composite Higgs models the pseudo-Nambu-Goldstone Boson (pNGB) nature of the Higgs field is an interesting alternative for explaning the smallness of the electroweak scale with respect to the beyond the Standard Model scale. In non-minimal models additional pNGB states are present and can be a Dark Matter (DM) candidate, if there is an approximate symmetry suppressing their decay. Here we assume that the low energy effective theory (for scales much below the compositeness scale) corresponds to the Standard Model with a pNGB Higgs doublet and a pNGB DM multiplet. We derive general effective DM Lagrangians for several possible DM representations (under the SM gauge group), including the singlet, doublet and triplet cases. Within this framework we discuss how the DM observables (relic abundance, direct and indirect detection) constrain the dimension-6 operators induced by the strong sector assuming that DM behaves as a Weakly Interacting Particle (WIMP) and that the relic abundance is settled through the freezeout mechanism. We also apply our general results to two specific cosets: SO(6)/SO(5) and SO(6)/SO(4) × SO(2), which contain a singlet and doublet DM candidate, respectively. In particular we show that if compositeness is a solution to the little hierarchy problem, representations larger than the triplet are strongly disfavored. Furthermore, we find that composite models can have viable DM candidates with much smaller direct detection cross-sections than their non-composite counterparts, making DM detection much more challenging.
Introduction
Despite being an enormous triumph to the Standard Model (SM), the discovery of the Higgs boson has established the question of how the electroweak scale is stabilized under the large corrections from new physics at ultra-violet (UV) scales. The quadratic sensitivity of the Higgs mass to UV physics, also known as the hierarchy problem, has been one of the leading motivations for searches of new physics at the LHC. One of the most investigated solutions to the hierarchy problem is Supersymmetry. Besides providing a mechanism for stabilizing the electroweak (EW) scale, the Minimal Supersymmetric Standard Model (for reviews see [1] [2] [3] ) or MSSM also has several attractive features, such as gauge coupling unification and viable dark matter candidates. However, current LHC searches and the measured Higgs mass impose severe constraints on the MSSM.
Composite Higgs models are also an interesting solution to the hierarchy problem. Unlike the MSSM, where the Higgs boson is a fundamental scalar, in composite models the Higgs doublet is a pseudo-Nambu-Goldstone Boson (pNGB) appearing in the low energy theory as a result of the spontaneous breaking of a global symmetry (G → H) by a new strong sector dynamics. In analogy to the pions in QCD, the Higgs doublet only has derivative couplings and is exactly massless, except for corrections due to the explicit breaking of G. In the Minimal Composite Higgs Model (MCHM) [4] , based on the coset SO(5)/SO(4), the four pNGBs correspond to the complex Higgs doublet. Nonetheless, other cosets are possible and may contain a higher number of pNGBs degrees-of-freedom. It is then an interesting question whether one of the additional pseudo Nambu-Goldstone bosons may explain the observed dark matter component of the universe. Since this requires at least five pNGBs (the Higgs doublet plus one DM state), one must consider extensions of the MCHM. The simplest scenario corresponds to the SO(6)/SO(5) coset [5, 6] , which provides exactly one additional pNGB.
Possible explanations to the DM question can now be tested by an impressive number of experiments, possibly bringing us at the edge of discovery. Four complementary approaches are followed to identify DM as a new WIMP. Direct searches are looking for DM scattering off heavy nuclei in underground detectors. For the mass ranges that we are interested in, LUX is for the time being the most sensitive experiment [7] , reaching scattering cross-sections of the order of 10 −45 cm 2 (for masses around 30 GeV). In this field, the next data releases are expected for 2015 (LUX-1 year data) increasing the sensitivity by a factor 5. From 2018, the next generation of experiments with multi-tonne Xenon (Xenon1T, LUX-Zeplin) should reach cross-sections down to 10 −47 cm 2 . Indirect searches aim at detecting the products of DM annihilation or decay in the form of gamma-rays, neutrinos or antimatter cosmic rays. The Fermi-LAT telescope, which is studying the gamma-ray flux from multiple astrophysical sources, has provided the first strong exclusion limits on DM annihilation cross-sections excluding σ ann .v ∼ 3×10 −26 cm 3 /s for candidates with masses up to ∼ 100 GeV for a 100% annihilation intobb [8, 9] . It is very likely that new data will soon be available with e.g. AMS-02 for antimatter cosmic rays, Ice-Cube for neutrinos, HESS-II for gamma-rays and with a new generation of experiments, such as Gamma-400 and the CTA. From 2018 onwards, see e.g. [10] for a review, the new generation of indirect detection experiments will improve considerably the current results. Collider searches can also constrain DM scenarios through missing energy searches, although in most cases the constraints are strongly model dependent. In addition, if dark matter has non-negligible couplings to the Higgs field, the current measurement of the Higgs decays can also be relevant for testing DM scenarios [11] [12] [13] . Finally, astro-cosmo probes can provide complementary constraints, testing e.g. distortions of the Cosmic Microwave Background (CMB) signal due to energy injection from DM annihilation in the early universe, see e.g. [14] [15] [16] [17] .
All the data provided by the complementary searches listed above strongly constrains dark matter models. In particular, the composite Higgs model SO(6)/SO(5) can only satisfy all the current DM and LHC constraints if the compositeness scale (F ) is 1 TeV and if m DM 200 GeV, as discussed in detail in refs. [5, 6] . Due to the large amount of data available from direct, indirect and LHC searches, it is possible to formulate even more general statements on the possible composite scenarios, if these are required to provide a DM candidate behaving as a WIMP and accounting for all the DM abundance. This is the main purpose of this work. Here we consider the class of composite models where the only composite states present in the low energy effective theory are the Higgs doublet and the DM multiplet, and both are pNGBs. The possible strong resonances and remaining pNGBs are assumed to be decoupled in the effective Lagrangian, either because they are significantly heavier than the Higgs and the DM multiplet or because they correspond to gauge degrees of freedom, due to a partly gauged G. We discuss this possibility with a minimal knowledge of the UV completion. In particular, we do not specify the fermion representations under G, but parametrize their effects instead. Within this framework, any composite Higgs model containing a DM candidate can be mapped at low energies ( Λ 4πF ) to an effective Lagrangian containing the Standard Model (including the Higgs doublet) and the DM multiplet.
In section 2 we define the class of models we will consider and present the basic framework used to compute our results. In section 3 we classify the different scenarios according to the DM representation under SO(4) and discuss each case separately. The simplest case, consisting of a singlet DM, is discussed in detail in section 3.1. A minimal realization of this scenario can be obtained for G/H = SO(6)/SO(5), as shown in refs. [5, 6] . The next simplest scenario consistent with SO(4) ⊂ H is the complex doublet DM case, discussed in section 3.2. Although we once again present our results in a model independent way, we also discuss a realization of the doublet DM case, corresponding to the SO(6)/SO(4) × SO(2) coset. In section 3.3 we present the results for the triplet and general constraints on higher representations. Finally, in section 4 we summarize our results and present the conclusions. In the appendix A we define our notation and discuss in detail the derivation of the effective Lagrangians used in our calculations.
General Composite Dark Matter
In composite Higgs models [4] [5] [6] [18] [19] [20] , the strong interactions responsible for compositeness are assumed to break a global symmetry group G down to a smaller symmetry group H at the F scale. The low energy spectrum, at energies Λ 4πF , consists of the massless Nambu-Goldstone Boson (NGB) modes with an effective Lagrangian completely fixed by the symmetry breaking pattern G → H. For a general G/H breaking, the effective interactions of the Nambu-Goldstone modes to lowest order in O(1/F ) are given by the Callan, Coleman, Wess, Zumino (CCWZ) Lagrangian [21, 22] . In order to avoid large corrections to EW precision observables, we assume SO(4) ⊂ H, which implies that the CCWZ Lagrangian considered here is SO(4) invariant.
If one of the NGBs must play the role of the Higgs doublet, G must be explicitly broken, resulting in a non-flat potential for the pseudo-Goldstone fields. Here we assume the partial compositeness scenario, where the explicit breaking is restricted to Yukawa and gauge interactions between the SM and the strong sector. Once these interactions are determined, the effective scalar potential for the pNGBs can be computed up to form factors describing the strong dynamics. Since the effective scalar potential is generated only at loop level, the pNGBs are expected to have masses F . The fine-tuning in the Higgs potential is given by the separation between the F and EW scales. A fine-tuning not worse than 1% implies:
but the upper bound in realistic models is usually stronger [23] . Currently the strongest lower bound on F comes from EW precision tests and direct searches for the strong resonances at the LHC, typically resulting in F > 800 GeV [24] . Although one may argue that incalculable UV effects may hinder the impact of EW precision data on compositeness, at this point Higgs data alone can set F ∼ > 700 GeV [25] . In the MCHM [4] , where G/H = SO(5)/SO(4), the four pNGBs correspond to the degrees-of-freedom of the Higgs doublet. Larger cosets can provide a stable DM candidate, as shown in refs. [5, 6] . In such cases, in order for one of the pseudo-Goldstone bosons to be a viable DM candidate, we must assume that both the strong sector and the SM respect an exact (or approximate) Z 2 symmetry, so the lightest Z 2 -odd pNGB is (quasi-)stable. 1 Furthermore, since current LHC data points to a SM-like Higgs, we assume the Higgs to be the lightest Z 2 -even pNGB, transforming as a bi-doublet under SO(4). On the other hand, the DM candidate can in general be a mixture of distinct SO(4)-multiplets after electroweak symmetry breaking (EWSB). Here we only consider the cases where the DM state (mostly) belongs to a single SO(4) multiplet, so the mixing with other multiplets can be ignored. 2 Therefore, the low energy spectrum consists of the Higgs doublet and the DM multiplet. We assume all possible remaining pNGBs and strong sector resonances to be decoupled in the effective Lagrangian. This approximation is exact in minimal cosets, where the Higgs and the DM multiplet correspond to all the pNGBs, as in the particular examples discussed in section 3.
Any composite Higgs model satisfying these assumptions, detailed in the appendix A, can be mapped to a low energy effective theory valid for scales Λ, as shown schematically by figure 1. Below we discuss the general form of the effective operators relevant for computing the DM observables and their impact on the DM phenomenology. 
The Effective Dark Matter Lagrangian
The most general effective Lagrangian consistent with the assumptions discussed in the previous section (see appendix A for more details) contains a large number of unknown parameters. The latter correspond to the coefficients of all the possible dimension six operators involving SM fields as well as those involving the DM multiplet. Fortunately, only a small subset of operators is relevant for computing the DM observables. We also consider the minimal scenario, where DM is a cold thermal relic and the observed DM abundance is generated through the standard freeze-out mechanism. We only consider tree level diagrams in our calculations. In addition, processes where DM annihilates into more than two final states, such as ξ + ξ → X + Y + Z are usually phase space suppressed with respect to ξ + ξ → X + Y . Hence we neglect operators with more than four fields. Notice though that in some cases, annihilation into three body final states are well known to be important [27] [28] [29] [30] [31] . In particular, here we will take into account the contribution of annihilations into off-shell gauge bosons ξ + ξ → V + V * . Let us also emphasize that dimension five and six operators can become relevant if they contain one or more Higgs fields, since after EWSB these operators generate 4-field operators (with H → H = v). Furthermore, the Z 2 symmetry, under which ξ is odd and H is even, requires all operators to contain an even number of ξ's.
Given all the assumptions above, the operators containing more than two powers of ξ do not affect the relic abundance or the detection rates. We just need to consider operators with zero or two DM fields. Hence, for convenience, we split the effective DM Lagrangian in a ξ-independent sector (L (0) ) and a part containing two powers of ξ (L (2) ):
where L SM is the SM Lagrangian and L 6 contains the relevant dimension-6 operators induced by the strong dynamics. Since L 6 is independent of ξ, its operators are common for all the cases to be discussed later. The SM dimension-6 operators have been explored at length in the literature [32] [33] [34] [35] [36] and are briefly discussed in appendix A. Below we simply list the higher dimensional operators considered in our analyses. We use
where a 2H , c 4 and λ H6 are generated after we integrate out the strong sector, while λ 1 is the dim-4 Higgs self-coupling. As we assume a CP -even Higgs, c 4 is real. The coefficients a 2H , c 4 are considered as O(1) parameters, while λ H6 is allowed to vary in the window [−4π, 4π] . The fact that the bottom and top dimension-6 operators have a common coefficient is justified as these operators are relevant in different regions of the parameter space, hence there is no loss of generality when assuming a common coefficient. The operators involving light quarks are suppressed by the Yukawas (y ψ ) and can be neglected here, since for the relic abundance and annihilation cross-section the couplings to the third family are dominant. We point out, however, that the light-quarks operators may affect the dark matter direct detection searches, as we will discuss in section 3.1.1. As it is well known, after EWSB the operator proportional to a 2H generates a non-canonical kinetic term for the Higgs field. The rescaling to a physical Higgs introduces the factor
in all Higgs interactions. Even though we include R in our numerical calculations, for simplicity we will typically neglect it in the analytic expressions. Indeed R is 1 for F 1 TeV.
Notice that we do not consider the dimension-6 operators that modify the gauge couplings to fermions, such as (
, and those which contribute to the electroweak parameters at tree level, like H † σ j H (W j µν B µν ) [32] [33] [34] [35] [36] . As it is well known, these operators are strongly constrained by the electroweak fit [24] .
Since we assume that ξ is a SO(4) ∼ SU (2) L × SU (2) R multiplet, the possible representations for ξ are
In the following we limit our results to the cases
• Real Multiplet DM (ξ C = ξ): ξ ∼ (n, 1), where n = 3, 4, . . . .
Our restriction to real representations (except in the doublet case) is justified by the fact that the phenomenology associated to complex multiplets would be very similar to the real multiplet case; the complex multiplet being equivalent to two degenerate real multiplets. A real DM multiplet also implies that ξ is not charged under any U (1) symmetry, since ξ C = Cξ * = ξ. Consequently, ξ is not charged under U (1) Y and since the hypercharge operator is a linear combination of T 3 R ⊂ SU (2) R and U (1) X 3 , it means that ξ is a singlet under SU (2) R . Hence ξ ∼ (n, 1). Finally we briefly comment on the validity region of the effective Lagrangian used in our analysis. The energy involved in the relevant DM processes is typically √ s 2m DM , where the upper limit corresponds to non-relativistic annihilation at zero velocity today. In the early universe, energies involved are usually slightly larger given that v ∼ 0.2 while for direct searches the energies involved are much smaller. Therefore, we expect the effective Lagrangian approach used here to be valid as long as the new physics states (which could affect the DM observables) are well above 2m DM . In composite Higgs models one naively expects the strong resonances to have masses of order Λ 4πF . However, the composite partners of the top quark must be lighter in order to avoid re-introducing a large finetuning in the Higgs potential [23] . Here we assume that the spinorial resonances have masses m Ψ F , hence our effective Lagrangian is valid for m DM m Ψ or m DM F , which we use as a strict upper limit in our study. It is also important to point out that, for m DM < F , all the operators used in our analysis are far away from any unitarity bounds [38, 39] .
The Effect of Higher Dimensional Operators
The specific form of the dimension-4 and 6 relevant operators 4 consistent with SO(4) ⊂ H are derived in detail in the appendix A and will be discussed in section 3. It is instructive, however, to first comment on the general properties of these operators and how they can affect the DM observables. Since we are only interested in 4-field operators after EWSB, the relevant dimension-6 operators generated by integrating out the strong sector heavy resonances are of the following types
where h is the Higgs boson field, V µ represents a SU (2) L × U (1) Y gauge field, ψ is a SM fermion, g is the corresponding gauge coupling, λ represents the corresponding dimension-4 coupling and p µ refers to the typical momentum scale for the process. As all the above operators are presumed to have coefficients 1, one would expect such operators to be irrelevant with respect to the corresponding dimension-4 operators for F v. However it is often the case that, in order to generate the correct relic abundance, the dimension-4 operators coefficients need to be suppressed. In such cases, the dimension-6 operators may still play a significant role. Furthermore, the derivative operators can be enhanced if
In order to illustrate the above arguments more concretely, we take the singlet DM case as an example. In the non-composite limit (F → ∞), there is only one relevant dimension-4 operator, corresponding to the Higgs-DM coupling (λ ξh ), also known as the Higgs portal coupling. As a result, the parameter space in the non-composite singlet case consists only of λ ξh and m DM . As it is well known, requiring the DM relic energy density Ω DM h 2 0.12 [14, 40] fixes the Higgs-DM coupling for a given DM mass and the solutions with the correct relic abundance correspond to a line in the λ ξh -m DM plane. This is shown by the black solid line in figure 2 , where we plot the value of the Higgs-DM coupling in the non-composite case (λ N C ξh ) required to generate the correct relic abundance. As we can see, λ N C ξh does indeed take values 1 in most of the parameter space, which may render the operators in eq. (2.7) relevant in these regions even though they are suppressed by 1/F 2 . In order to estimate for which values of m DM the inclusion of the dimension-6 operators may affect the DM observables, we compare their potential effective strenght with respect to λ N C ξh .
Assuming that the coefficients multiplying the operators in eq. (2.7) are O(1), the blue shaded areas in figure 2, for F = 0.8 TeV (left) and F = 2.5 TeV (right), correspond to the windows of the parameter space in which these operators can potentially drive the relic abundance. In the regions below the continuous horizontal blue line λ N C ξh v 2 /F 2 , i.e. the non-derivative operators can be dominant, while the regions below the blue dotted curves λ N C ξh 4m 2 DM /F 2 , i.e. the derivative operators can become dominant. As we can see, for F = 0.8 TeV, the dimension-6 operators can potentially affect the DM crosssections for m DM 35 GeV. On the other hand, for higher values of F this contribution becomes limited to the Higgs resonance, where λ N C ξh 1, or the heavy DM region, where the derivative operators can be enhanced. Furthermore, for F = 2.5 TeV, we see that the non-derivative operators play no role, except around the resonance. We stress that the results shown in figure 2 are purely schematic and are intended only to illustrate the potential impact of including the higher dimensional operators in our analyses. However, as it will be shown in the next section, the overall features described above do appear in our numerical computations. It is also interesting to point out that the dimension-6 operators can have very distinct contributions to the annihilation and nucleon scattering rates. For instance, while the momentum transferred in DM-nucleon scattering is O(keV-MeV), the momentum scale involved in DM annihilations in the early universe is of order m DM . Hence, the derivative operators which scale as p 2 /F 2 only contribute significantly to DM annihilations and not to the direct detection rate. The same is valid for the ξ 2t t operator, which can be relevant for the annihilation rate (if m DM > m t ), but only contributes to the nucleon-DM scattering cross-section through the small gluon component in the nucleus. 5 
Results
Using the effective Lagrangians derived in appendix A, we now compute the DM observables and discuss how this constrains the effective operators for a given DM representation. The DM relic abundance and other observables have been computed using FeynRules [41] and micrOMEGAS [42] . The calculation of the relic abundance includes all possible annihilation channels into two body as well as annihilation into off-shell V = W or Z boson (ξ + ξ → V * + V ), which can be relevant for m DM m V . Even though loop corrections involving gauge bosons are already known to affect the DM observables in noncomposite DM scenarios [43] [44] [45] , especially the DM scattering cross-section on nucleons (σ DM p ), it is beyond the scope of this paper to evaluate the loop contributions within the composite framework. All the results presented here are computed at tree level. One should keep in mind though that such corrections are expected to give rise to the lower bound σ DM p ∼ > 10 −47 cm 2 for non-composite models in e.g. the doublet case [44] . In order to be as model independent as possible, we parametrize the effective Lagrangian according to the results in appendix A and scan over the O(1) coefficients of the dimension-6 operators in the range [−1, 1]. The unknown parameters for effective dimension-4 operators (denoted with λ couplings) in the DM Lagrangian are also allowed to vary freely within a range restricted to [−4π, 4π]. We also require all the solutions to satisfy: 0.0941 < Ω DM h 2 < 0.127. 6 In addition to the above conditions, directly taken into account in the scans, we will superimpose several constraints from LHC, direct and indirect DM searches. Furthermore, the low DM mass region is limited by the Higgs invisible width, which has been recently constrained by ATLAS [12] and CMS [13] . Here we use the 95% C.L. upper limit from CMS: BR(h → invisible) < 0.58. For the direct detection constraints, we consider the latest LUX results [7] on the spin-independent DM-nucleon elastic cross-section as well as the projected sensitivity of Xenon1T, both at 95% CL. The DM annihilation into SM particles in our galaxy could copiously produce stable particles, such as photons, neutrinos, positrons or antiprotons. In that framework, indirect detection searches constraints from Fermi-LAT [8, 9] and PAMELA [47, 48] can be relevant here. Indeed, a previous analysis of composite DM models [6] showed that the bound on the DM annihilation cross-section derived from PAMELA measurements of the antiproton spectrum could provide constraints complementary to LHC and direct detection searches. The bounds associated to charged cosmic rays are, however, well known to suffer from astrophysical uncertainties [49, 50] affecting the propagation model. Here we use the 3σ upper bound constraints derived in ref. [50] (figure 6c) for the DM annihilation cross-section intobb. 7 Let us mention that such a bound has been derived assuming an uncertainty of 50% in the solar modulation of the antiproton flux and we take the limits associated to the so called CON propagation model (green curve in figure 6c of ref. [50] ), which usually corresponds to conservative bounds. 6 We used the 2σ WMAP 5-year range [46] . For a reference, the 3σ WMAP 9-year range is 0.1003 < ΩDM h 2 < 0.1273 [40] and the 3σ PLANCK range is 0.1103 < ΩDM h 2 < 0.1289 [14] . 7 The PAMELA constraints are thus imposed on σv(ξξ →bb)|v=0 rescaling the constraints of ref. [50] by the associated branching ratio.
Let us emphasize that even though similar bounds were derived for other annihilation channels such as e.g. ξξ → W + W − , we checked that they provide weaker constraints than the direct detection searches. We have thus neglected them. Let us also mention that the current preliminary constraints on gamma-ray flux from the Fermi-LAT [9] measurements provide even stronger bounds on σv(ξξ →bb)| v=0 . We have checked that the impact of these preliminary results are negligible, so we only consider the constraints from PAMELA.
The LHC constraints from monojet and monophoton searches are still insufficient to compete with the direct detection or invisible Higgs decay searches. Nonetheless, for both the doublet and triplet representations, the DM multiplet contains charged states, which can decay to DM and be detectable at the LHC. The main final states are then missing E T plus W 's, Z's and/or Higgses. Using SModelS [51] we were able to recast the LHC constraints for SUSY searches and apply them to the scenarios considered. We have explicitly computed the relevant production cross-sections and verified that the LHC constraints do not lead to any new excluded region. Therefore we will not consider them in the following results.
Singlet DM

The Generic composite singlet DM
The singlet DM case corresponds to the following effective Lagrangian (for details see appendix A.1)
resulting in the following DM mass after EWSB:
The coefficients a d1 , d 4 are taken to be real O(1) parameters, while λ 3 , λ 3 couplings are allowed to vary in the window [−4π, 4π] and µ ξ is the DM bare mass. Except for a d1 , which is fixed by G/H, all the other coefficients depend on the fermion embedding in G. Therefore in our model independent approach we take these to be free parameters. Also, we point out that we have neglected the fermion operators for the light quarks. Although these operators are Yukawa-suppressed, they can still potentially impact the direct detection rate through the nuclear matrix elements. However, we have verified that the light quarks contribution is only relevant around the Higgs resonance (m DM ∼ m h /2) and we choose to neglect the light quark operators, for simplicity. We do not expect that our results are significantly affected by this assumption.
For m DM < m t , the DM observables are mostly determined by the effective ξ(p 1 ) − ξ(p 2 ) − h(p h ) coupling 8 , which in the composite case is given by:
and p 2 h is the (off-shell) Higgs momentum. It is important to point out that the effective DM-Higgs coupling relevant for the direct detection (DD) rate and the relic density (RD) (or σ ann .v ) can take very different values, due to the momentum dependence in eq. (3.3). While for annihilations through the Higgs s-channel we have p 2 h 4m 2 DM , for direct detection we have t-channel scattering, hence p 2 h 0. Therefore it is convenient to define the effective couplings in each of these regimes:
where λ RD ξh (λ DD ξh ) is the relevant coupling for the calculation of the relic abundance (DD cross-section).
In the low mass region, where annihilations to tops are closed, both the DM-nucleon spin independent scattering cross-section, σ DM p , and the thermally averaged annihilation cross-section times the relative velocity at the freeze-out time, σ ann .v , are proportional to the Higgs-DM effective coupling:
In analogy to the non-composite case, once we impose Ω DM h 2 0.12, λ RD ξh is fixed for each value of m DM . Denoting by λ N C ξh the value of the coupling required to generate the correct relic abundance in the non-composite case (shown by the black curve in figure 2), we have:
8 From our scans it appears that the ξ 2b b coupling proportional to d4 has only a minor impact on the results.
where σ N C DM p is the DM-nucleus cross-section in the non-composite case. From the above result we see that σ DM p can be either enhanced or suppressed with respect to its noncomposite value, depending on the values of a d1 and m DM . We stress that the above result is only valid for m DM < m t , since we have neglected the contribution from d 4 , which is relevant once annihilation to t's are kinematically allowed.
Scan results
We now present the full numerical results for the DM observables for a random scan over the coefficients of the effective Lagrangian. Since in some cases the correct relic abundance requires extremely small values of λ 3 , λ 3 , we scan logarithmically over their allowed range. All the other parameters are scanned linearly within the ranges:
(3.8) Figure 3 . Generic composite singlet DM: Values of the DM annihilation cross-section at zero velocity for F = 0.8 TeV (left) and F = 2.5 TeV (right) satisfying to 0.941 < Ω DM h 2 < 0.127. The channels giving rise to the largest branching ratio to the annihilation cross-section are shown with different colors. We also show as a solid gray line the value of σ ann .v for the non-composite case (F → ∞).
First, in figure 3, we show the results for the DM annihilation cross-section ( σ ann .v ) today at zero velocity as a function of m DM . For comparison purposes we also show the respective values for σ ann .v in the non-composite case (solid gray line). As we can see, for both F = 0.8 TeV (left plot) and 2.5 TeV (right plot), the annihilation rate follows closely the non-composite case, as expected from the relation Ω DM h 2 ∝ 1/ σ ann .v . We notice, however, that while in the F = 2.5 TeV case the dominant annihilation channels are the same as in the non-composite case (ξξ →bb or ξξ → W − W + ), for F = 0.8 TeV, both annihilations tott and hh can be dominant at large DM masses. This is mostly due to the fact that, for small values of F , the non-derivative operators d 4 ξ 2Q L H c t R can be comparable to λ ξh , as schematically shown in the left hand (LH) side plot of figure 2. On the other hand, for F = 2.5 TeV, these operators are always suppressed.
The DM-nucleon scattering cross-section (σ DM p ) is shown as a function of m DM in figure 4 for F = 0.8 TeV (left) and 2.5 TeV (right). All points give the correct DM relic abundance. Once again the non-composite case is shown by the solid gray line. Going from low to high m DM it is possible to recognize in figure 4 some known features [5, 6] : the Higgs resonance region (m DM = m h /2), the ξξ → W W threshold (m DM m W ) and the high mass region (m DM ∼ > m t ). We also show by distinct colors the absolute value of the coefficient a d1 for each point. As we can see, the low mass region (m DM 50 GeV) is unaffected by the dimension-6 operators induced by the strong sector. This is already expected from the discussion in section 2.2, where we have shown that the low mass region is mostly insensitive to these operators. Let us emphasize that in our analysis, we have considered the d 4 coupling to the third generation of quarks only. Adding a d 4 coupling to light quarks will not change the relic abundance computation or the indirect detection searches results. In contrast, this could provide an enhancement of σ DM p in the regions whereλ is small. Given the values of the parameters driving the nucleon matrix element considered in our analysis 9 , we expect that, considering an identical d 4 coupling to all quarks, we could get up to a factor of ∼ 2 enhancement of σ DM p forλ < 10 −2 , see also [6] for a similar discussion.
Also, since the annihilation channel in this region is dominated by ξξ →bb, the only operator which could affect σ DM p is the one proportional to d 4 . This operator, however, 9 We took the default values of micrOMEGAS3.3 corresponding to f has a small impact on the DM-nucleus scattering, since it only contributes to the scattering cross-section through the subdominant gluon component in the nucleus.
Once m DM 50 GeV, σ DM p can take values drastically different from the noncomposite case. As expected from eq. (3.7), this is due to the contribution of the derivative operator proportional to a d1 (at least for m DM m t ). Indeed, given that we can get the right abundance with 4a d1 m 2 DM /F 2 λ N C ξh , i.e. forλ 0, σ DM p can become very suppressed, as seen in figure 4 . In addition, since a d1 can take both negative and positive values, we can also have the correct DM abundance withλ larger than in the non-composite case, resulting in an enhancement of σ DM p , as shown by the points above the gray line in figure 4 .
For m DM > m t , annihilations to top pairs become kinematically allowed and σ ann .v receives a contribution from the operator proportional to d 4 . In this case, we can once again generate the correct relic abundance, even when λ ξh λ N C ξh . This corresponds to all the points at large masses with small values of σ DM p and a d1 in the LH side plot of figure 4. Notice though that this feature is not as strongly present in the right hand (RH) side plot of figure 4 for F = 2.5 TeV. This is simply due to the fact that for such large F values and m DM > m t , non-derivative operators, such as the one proportional to d 4 , are always subdominant, as already anticipated by the RH side plot of figure 2. Finally, we also emphasize that for F = 2.5 TeV, σ DM p only deviates significantly from its noncomposite value for higher DM masses (m DM 150 GeV), as expected from eq. (3.7) and in agreement with the discussion in section 2.2. From figure 4 we already see that for m DM > 200 GeV to be consistent with LUX we need |a d1 | ∼ < 0.2 for F = 0.8 TeV, higher values are however possible if we increase the scale of compositeness.
Experimental constraints
We now discuss the current and future constraints on the generic composite singlet DM scenarios. As seen in figure 4 , the direct detection cross-section can be significantly suppressed or enhanced in the composite case. Nonetheless, the low mass region still behaves mostly as Higgs portal DM, being strongly constrained by direct, indirect DM searches and invisible Higgs decays.
We summarize the constraining potential of each of the experiments mentioned at the beginning of section 3 in the planesλ − m DM and a d1 − m DM of figure 5. Let us first mention that, in some regions of the parameter space, very small values ofλ are necessary to account for the right relic abundance. Although this is typically consistent with most experimental constraints, in the composite framework, both λ 1 (the Higgs self-coupling) andλ are expected to be generated by the explicit breaking of G and to be of similar size, i.e. O(λ 1 ) ∼ O(|λ|) 0.1. An explicit example can be found in Ref. [6] , whereλ 0.13 for G/H = SO(6)/SO(5). Therefore we consider the region with |λ| < 10 −2 as theoretically disfavored.
In figure 5 , the top (bottom) plots illustrate, in the plane |λ| − m DM (a d1 − m DM ), for F = 0.8 (left) and 2.5 TeV (right), which regions are currently excluded by direct DM searches (with LUX in red), by indirect DM searches (with PAMELA in magenta) and due to large contributions to the Higgs invisible width (in yellow). The pink regions are currently allowed but can be probed and eventually excluded by Xenon1T. The gray regions are experimentally allowed by current data and outside the planned sensitivity of Xenon1T, but they are theoretically disfavored. In the bottom plots (for a d 1 ) most of the gray points are hidden by the Xenon1T excluded region.
As expected from the discussion above, the low mass region (m DM 100 GeV) is almost entirely excluded either by indirect, direct searches or the Higgs invisible width constraints. Let us emphasize that this is valid for both small and large values of F . The only points still allowed in the low mass region lie around the Higgs resonance and will be tested by Xenon1T. However most of these points have |λ| 0.01, which is difficult to realize in specific models without tuning. Interestingly, for m DM ∼ > 200 GeV, a large portion of the parameter space (blue points) with |λ| 0.1 evade all current experimental constraints as well as the projected Xenon1T sensitivity, in contrast with the non-composite Higgs portal scenarios. 10 Let us emphasize though that the allowed values of a d1 are already highly constrained by LUX and will be even more so by Xenon1T. Since in a specific model (where G/H is specified), a d1 is no longer a free parameter, the allowed region of parameter space will be strongly constrained by direct DM searches. For example, in the case of G/H = SO(6) × SO(5) discussed below, a d1 = 1/2 and most of the parameter space is already excluded (if not all) for low values of F . For F = 2.5 TeV, as shown below, after Xenon1T there will be, most probably, only a small range of DM masses allowed for a given a d1 value.
3.1.4 Specific Case: G/H = SO(6)/SO(5)
Although we have taken a d1 as a free parameter, in a specific composite model, a d1 is completely fixed by the choice of the coset G/H. Therefore it is instructive to discuss how the general results presented above apply to a specific model. The minimal coset consistent with H ⊂ SO(4) is G/H = SO(6)/SO(5), where the 5 pNGBs correspond to the Higgs bi-doublet and the DM singlet. This case has been discussed in detail in refs. [5, 6] , so we limit our discussion to re-interpreting the results obtained previously according to the general parametrization introduced in eq. (3.1).
The G/H = SO(6)/SO(5) case corresponds to the particular choice of values:
Notice that we keep c 4 , d 4 , λ H6 , λ 3 and λ 3 as free parameters in our analysis. Once a d1 and a 2H are fixed, we can derive from eq. (3.7) a simple expression for the enhancement (or suppression) of σ DM p with respect to its non-composite value:
where once again λ N C ξh is the value of the Higgs-DM coupling in the non-composite case required to produce the correct relic abundance. Unlike the general case discussed above, now the enhancement or suppression factor r is fixed (for a given value of m DM ). Hence, instead of spanning a wide range of values, σ DM p now lies in two possible branches, one for the case 1 + r (enhancement) and one for 1 − r (suppression).
In figure 6 , we plot σ DM p as a function of m DM , but now for the particular case of G/H = SO(6)/SO(5). We also show with black lines the approximation of eq. (3.10) for the enhanced (
2 ) values of the DM-nucleus cross-section. As we can see, the solutions obtained through the random scan follow closely the approximation of eq. (3.10). It is interesting to notice that for F = 0.8 TeV all of the enhanced solutions have already been excluded by LUX, while only the low mass region (m DM 120 GeV) of the suppressed branch is allowed. The situation is however quite different for higher values of F , where we see that most of the parameter space for both branches has not yet been probed. Finally we point out that, for F = 0.8 TeV, we find no viable solutions for m DM > 500 GeV, even before applying the direct, indirect and Higgs experimental constraints. Once m DM > m h , the annihilation into two Higgses can contribute significantly to σ ann .v , Figure 6 . Singlet DM with G/H = SO(6)/SO (5): Values of the DM-nucleon scattering crosssection as a function of m DM . All points satisfy 0.0941 < Ω DM h 2 < 0.127 while the black continuous lines correspond to the approximation of eq. (3.10). We also show with different colors the channels contributing with the largest branching ratio to the effective annihilation cross-section relevant at the time of freeze-out.
which can be large even if λ DD ξh 0 due to derivative coupling between DM and Higgs [5] . As a result, the annihilation cross-section becomes too large, suppressing the relic abundance below the WMAP value. However this only happens for small enough values of F , as seen in figure 6.
Doublet DM
If we consider non-minimal cosets, such as e.g. G/H = SO(6)/SO(4) × SO(2) (see section 3.2.3 and e.g. ref. [37] ), it is possible to have non-singlet representations for the DM multiplet. Models with multiplet DM differ greatly from the singlet case in two aspects:
• they include tree level (unsuppressed) DM-gauge boson couplings;
• they allow for co-annihilations between the DM multiplet components.
Since we require invariance under SO(4), the simplest DM multiplet representation corresponds to a complex doublet. In this case, the non-composite limit (F → ∞) corresponds to the Inert Two Higgs Doublet Model or IDM [53] .
Generic composite doublet DM
The generic doublet case Lagrangian corresponds to eq. (2.4) with the addition of
where the coefficients a d1,...,d4 , d 4 , d 6 are taken to be real O(1) parameters, the couplings λ i , λ i with i = 3, 4, 5 are allowed to vary in the window [−4π, 4π] and µ ξ is the DM bare mass. The Pauli matrices are denoted by σ = {σ 1 , σ 2 , σ 3 } and
see section A.2 for more details. After EWSB, the DM multiplet acquires the following masses:
14)
In the results presented below we consider only the cases where m H 0 < m A 0 , m H ± , so H 0 is always the DM. 11 From eqs. (3.13)-(3.15) we see that the three masses are in principle independent. However, large mass splittings are limited by the perturbativity requirements on the λ i , λ i couplings. Although the inclusion of the dimension-6 operators induced by the strong sector introduces 9 new coefficients, most of the DM properties depend on a subset of these (or appropriate linear combinations). For instance, the Higgs-DM coupling is given by:
where p h is again the Higgs momentum and
11 However we expect all the results derived below to remain valid in the case A 0 is the DM particle.
It is useful to distinguish between the DM-Higgs coupling which enter s-channel annihilations (p 2 h 4m 2 DM ) and t-channel scattering (p 2 h 0). The first case is relevant to σ ann .v , while the latter enters the calculation of σ DM p , hence we define:
While λ RD ξh is very similar to eq. (3.3) for the singlet case, the coupling relevant for direct detection now contains a contribution from a d3 . The latter, however, is only relevant for large DM masses. Also notice that the H 0 H 0 V µ V µ vertex is not modified by the dimension-6 operators driven by the a d4 or a d2 coefficients, since the corresponding operators vanish for ξ → (0, H 0 )/ √ 2 and H → (0, h + v)/ √ 2. In the large mass region (m DM m W ) the annihilation to gauge bosons is open and become the dominant annihilation channel. Even in the pure gauge limit, i.e. when all quartic couplings are set to zero, σ ann .v always gets a non-zero contribution (a part from the case of cancellations for m DM < 110 GeV) from H 0 H 0 → W W, ZZ. Let us focus on the analysis of the latter channel, neglecting the co-annihilations, and the H 0 H 0 → hh, tt channels. The annihilation cross-section into gauge bosons in the high mass region can be approximated by:
,
where M T and M L are the contributions to the amplitude from transverse and longitudinal modes respectively and
From the above expressions we have: 20) resulting in too small relic abundances, unless m DM 500 GeV. This is a well known result from the IDM [26, 54] and it still holds in the composite case, since the contributions from the dimension-6 operators to M T are negligible. Notice that, in contrast with the noncomposite case [26] , for sufficiently large m DM the annihilation cross-section is driven by the term proportional to a d2 . Let us stress though that, as mentioned in section 2, our effective Lagrangian approach is only valid for m DM F . From eq. (3.19) we see that if the M L contribution had to be suppressed one would need small mass splittings among the components of the DM doublet (∆m 2 ξ /m 2 DM 1) and the combination
should be small. Since |λ RD ξh | can not be made arbitrarily large (otherwise H 0 H 0 → hh enhances σ ann .v ), we will see below that the above condition limits the possible values of a d2 .
Scan results and experimental constraints
For the numerical results presented below we scan over all the parameters in eq. (3.11) plus the ones in the Higgs effective Lagrangian (eq. (2.4) ) within the following ranges:
Again, we scan logarithmically over λ's ranges and linearly on all the other parameters range. Notice that we have conveniently replaced λ 1 , λ 2 , λ 3 and µ 2 ξ by m DM , m A 0 , m H ± andλ. We have also imposed on the scans that viable models have a stable EW vacuum with ξ = 0 [55] and are consistent with LEPII constraints on BSM states, following ref. [56] . We require that new charged scalar particles (H ± ) have masses larger than 70 GeV, see [57] [58] [59] . Furthermore, as it is well known from IDM results [54] , for m DM ∼ > 500 GeV the correct relic abundance can only be obtained for small mass splittings within the DM multiplet. In this mass region we have imposed that m H ± − m DM < 30 GeV and m A 0 − m DM < 30 GeV. 12 We can divide the discussion into two mass regions: a low mass region for m DM < m h and a high mass region for m DM > m h .
In figure 7 , we show the DM-nucleus scattering cross-section for F = 0.8 TeV and 2.5 TeV for m DM < m h in the top plots. For reference, we also show the corresponding noncomposite limit, F → ∞, in the bottom LH plot. In this region of the parameter space, LEPII [56, 57] constraints require a large mass splitting between H 0 and A 0 or H ± . In particular, all the region with m DM + m A 0 < m Z is excluded due to the constraints on the Z-invisible width. This combined with the lower bound on m H ± makes co-annihilations negligible for m DM 60 GeV. Since annihilations to gauge bosons are kinematically forbidden in this region, the main features distinguishing the doublet and singlet casesco-annihilations and DM gauge couplings -are negligible for small DM masses and the doublet DM behaves effectively as singlet DM. Once m DM m W , the H 0 H 0 → V V process rapidly enhances the DM annihilation cross-section. 13 For m DM 110 GeV this enhancement is still partially suppressed by kinematics and can result in the correct relic abundance if there is destructive interference between the H 0 H 0 → h * → V V and H 0 H 0 → V V amplitudes [60] , which happens for λ RD ξh < 0. For larger values of the DM mass, the contribution from annihilation into gauge bosons is no longer suppressed and generates too small relic abundances, independently of the choice of parameters. This is a well known feature of the IDM and remains valid in the composite scenario. Nonetheless, in the region where H 0 H 0 → V V is (partially) suppressed, the contributions from the dimension-6 operators to λ RD ξh allow for a wider range ofλ values consistent with Ω DM h 2 0.12. As a consequence we obtain larger viable parameter space in figure 7 for F = 0.8 TeV and F = 2.5 TeV (top plots), when compared 13 Since we include the effects of annihilation to off-shell W 's and Z's (H 0 H 0 → V * V ), this channel becomes relevant for slightly smaller values of the DM mass (mDM 60 GeV), as seen in figure 7 .
to the non-composite case (bottom LH plot). Also, the allowed low mass region extends to slightly higher values of m DM due to the presence of the dimension-6 operators.
In the bottom RH side plot of figure 7 we show values of σ DM p in the high mass region. We see that viable solutions are only obtained for m DM ∼ > 500 GeV. The relative mass splittings between the dark components has to be small. Typically we obtain ∆m ξ < 20 GeV m DM . Since a d2 can take negative values, the allowed mass splittings in the composite case are slightly larger than in the IDM, due to the cancellation between the a d2 and ∆m 2 ξ terms in eq. (3.19) . In addition, in order to properly quantify the correlations between λ RD ξh and a d2 , we show in figure 8 the values of a d2 with gradient colors in the λ RD ξh − m DM plane for F = 0.8 and 2.5 TeV. We see that a d2 and λ RD ξh typically have opposite signs guaranteeing a suppression of the combination (3.21). We thus see that all the contributions to M L need to be suppressed in order to account for the right relic abundance. For F = 0.8 TeV, all points have |a d2 | 0.3, while for F = 2.5 TeV |a d2 | can be as large as 1, due to the suppression factor v 2 /F 2 0.01. From figure 7 we see that σ DM p can take larger values in composite scenarios (F = 0.8 or 2.5 TeV) than in the non-composite case (F → ∞). This is particularly visible in the large mass range in the bottom RH side plot where we have σ DM p ∼ < 10 −44 (10 −43 ) cm 2 for F → ∞ (F = 0.8 TeV). This is easily understood looking at eq. (3.18). In the non-composite case λ RD ξh = λ DD ξh =λ/2 and σ DM p ∝λ 2 , while in composite scenarios we have
As a result, |λ DD ξh |, the quartic coupling driving σ DM p , can get extra contributions due to the a di terms in composite models. Figure 9 illustrates the experimental constraints on the generic composite doublet case, the color code is the same as the one used in section 3.1.3. Once again, points with |λ| < 0.01 are theoretically disfavored in realistic composite models, where we expect
O (λ i ) ∼ 0.1. Similarly, unless the a d3 andλ contributions cancel each other in eq. (3.18), at the price of some fine tuning, we will typically have O λ ∼ O λ DD ξh and too low values of λ DD ξh will also be disfavored. Hence, we consider all points with min(|λ DD ξh |, |λ|) < 10 −2 as theoretically disfavored and they are shown in gray. As we can see, in the low mass region all points are either excluded by current experimental constraints or involve too small values of |λ DD ξh |, |λ| to be theoretically acceptable. Therefore, the low mass region of generic composite doublet DM models is already experimentally or theoretically excluded for all values of m DM . In contrast, the high mass region has just been marginally probed by LUX and it even Xenon1T will not be able to test it in its entirety. 
Specific Case: G/H = SO(6)/SO(4) × SO(2)
Once again it is interesting to apply the general results presented above to a specific model. Here we take G/H = SO(6)/SO(4) × SO(2), where the only pNGBs are the Higgs bi-doublet and the complex doublet DM. This case corresponds to the effective Lagrangians in eqs. (2.4) and (3.11) with:
Notice that, according to the results of figure 9 , we do not expect any allowed solutions in the low mass range after the LUX constraints have been imposed for |λ| > 10 −2 . Therefore here we only discuss the high mass (m DM > 500 GeV) solutions. One important consequence from specifying the G/H coset is that it fixes the value of a d2 . As we have seen above, the high mass region requires either large values of F or small values of a d2 (see figure 8) . Hence, for G/H = SO(6)/SO(4) × SO(2), where a d2 = 1, we do not expect viable solutions for large DM masses and small values of F . This is highlighted in the LH of figure 10 , where we allow Ω DM h 2 to vary outside the 0.09 Ω DM h 2 0.12 range and show the relic density as a function of m DM for different F values, shown by the color gradient. For this plot, we take m A 0 = m H ± = m DM andλ = λ i = 0 since this choice approximately maximizes (minimize) the relic abundance ( σ ann .v ) and we take d 4 = d 6 = 0, since these coefficients play no major role in the high mass region.
We can understand the behavior of Ω DM h 2 in the LH of figure 10 by analyzing the m DM and F dependence of σ ann .v (ξξ → V V ) derived in eq. (3.19), but in the "pure gauge limit" (all quartic couplings set to zero). The relic abundance first grows with m DM due to the usual dependence
This is indeed what we observe for the lowest range of masses in figure 10 (LH side) . The non-composite case in the same limit is plotted for reference with gray points and also show this growing dependence in m DM . When m DM becomes comparable to F , the dimension-6 derivative operator starts to dominate σ ann .v and the contribution from the a d2 term results in
For a given F scale there is thus a fixed mass range, bounded from below and above, of viable DM candidates, i.e. in agreement with the CMB bound depicted with vertical dashed gray lines in figure 10 (LH side) . This viable mass range widen with increasing F . Indeed, we see that for e.g. F = 2.4 TeV we have 550 GeV m DM 1.2 TeV, while for e.g. F = 2.1 TeV we have 600 GeV m DM 800 GeV. In addition, once F < 2 TeV, Ω DM h 2 < 0.09 for any value of m DM in the large mass range. Therefore, for viable composite scenarios with G/H = SO(6)/SO(4) × SO(2) one needs to consider F > 2 TeV.
In figure 10 (RH side) we show results for a scan on the parameter space of G/H = SO(6)/SO(4) × SO (2), where the non-derivative coefficients are still free parameters. We have explicitly verified that even when all non-derivative parameters are allowed to vary there are no viable solutions for F = 0.8 TeV. We thus present points only for F = 2.5 TeV and F → ∞. As shown by the results, for F = 2.5 TeV, we only obtain the correct relic abundance for 500 GeV m DM 1.1 TeV, as expected from our discussion above. 
Triplet DM and Higher Representations
In sections 3.1 and 3.2 we have discussed the cases of the singlet and complex doublet DM, which can be realized for specific choices of the coset G/H, such as the SO(6)/SO(5) and SO(6)/SO(4) × SO(2) ones discussed above. If one wants to consider even larger symmetry groups G, it is possible that in the low energy effective theory one ends up with a triplet DM or even higher SU (2) L representations. As it is well known from noncomposite models [26, 43] , such cases are highly constrained and tend to require multi-TeV DM masses. In this section we will discuss how these features are affected by the inclusion of the dimension-6 operators induced by the strong sector. As discussed in section 3, we focus here on real representations, which correspond to ξ C = ξ and simplify considerably the analysis. Also, after EWSB, the lightest component of the DM candidate from a complex representation usually is a charged field and do not provide a viable DM candidate [26] .
The effective DM Lagrangian for any real DM multiplet is given by:
where the coefficients a d1,d4 and d 4 are taken to be real O(1) parameters, the couplings λ i , λ i with i = 3, 4, 5 are allowed to vary in the window [−4π, 4π] and µ ξ is the DM bare mass. The Pauli matrices are again denoted by σ = {σ 1 , σ 2 , σ 3 } while the Γ matrices are the generators of the representation n of SU(2) L satisfying [Γ i , Γ j ] = i ijk Γ k (see appendix A.3 for more details).
Generic composite triplet DM
In order to provide some insight on the general behavior of a composite DM multiplet of dimension n > 2 of SU(2) L we first focus on the case of the triplet. Later we will discuss how these results generalize to larger representations. In the triplet case, we use the following generators (in the spherical basis): 25) and ξ = (T + , T 0 , T − ) T . Using eq. (3.24) with the above representation for the Γ matrices, we obtain the following scalar mass spectrum: 27) Notice that in the triplet case, once the values of m DM , λ 4 and λ 5 are given, the value of m T ± is fixed.
In the non-composite case (F → ∞), the triplet is exactly degenerate (except for small EW loop corrections, see [43] ). In the latter case, either LEP constraints excluding the existence of low mass new charged particles or too strong annihilation into gauge (virtual) bosons 14 prevent the existence of viable DM candidate in the low mass range (i.e. for m DM < m h ). In the composite scenario, however, this is no longer the case since the dimension-6 operators induce a mass splitting, given by:
Therefore, assuming |λ 4,5 | 1, we can have m DM < 60 GeV imposing m T ± > 70 GeV, if F 1.5 TeV. Larger values of F , however, will not generate sufficient mass splitting to allow for viable solutions in the low mass region. We will analyze this in more details in section 3.3.2.
The effective Higgs-DM coupling in the triplet case is simply:
Unlike the doublet case, the DM-gauge boson couplings are only affected by one single coefficient (a d4 ) in eq. (3.24) . While the contributions to the quartic vertices (ξ 2 V µ V µ ) are usually negligible: 31) as they are always suppressed by v 2 /F 2 , the triple vertex couplings (ξ 2 V µ ) can be enhanced at large m DM . In addition let us emphasize that, for the triplet and higher representations, the coupling to the gauge bosons is always larger than in the doublet case because it scales like (n 2 − 1) 2 . In the case of the doublet, we saw that once m DM m W , the (co-)annihilation into gauge bosons generate too large σ ann .v , resulting in too low relic densities until m DM 500 GeV. This feature is only enhanced in the triplet case, since its couplings to gauge bosons are larger, as it is well known in the non-composite case [26, 43] . We also point out that, due to CP -invariance, Z decays to DM pairs are always forbidden, so the Z-width constraints do not apply to the case of real triplets.
14 In the triplet case T 0 T 0 → V V * is already dominant for mDM 50 GeV.
Scan results and experimental constraints
In order to fully cover the allowed parameter space in a model independent approach, we once again scan over the effective Lagrangian couplings within the following ranges: 20 GeV < m DM < F ,
Again, we scan logarithmically over λ's ranges and linearly on all the other parameters.
The results of these scans for the low mass region are shown in the LH side of figure 11, where we show the mass splitting and the DM-nucleus scattering cross-section as a function of m DM . We take F = 0.8 TeV, since higher values of F will only reduce the allowed region, due to the suppression of the mass splitting between the neutral and the charged component. We also show by blue (red) points the region where T 0 T 0 →bb (T 0 T 0 → W ( * ) W ) dominates the annihilation cross-section in the early universe. We see that, for m DM 50 GeV, annihilations to (off-shell) gauge bosons become dominant and, for m DM 60 GeV, σ ann .v becomes too large, resulting in relic abundances below the CMB bounds. In the RH side of figure 11 we show the experimental constraints on the low mass region. As we can see, all of the parameter space is excluded, except for extremely low values ofλ (gray points), which are theoretically disfavored. Therefore we conclude that, despite allowing for large mass splittings, the composite triplet scenario, alike the non-composite case, remains excluded in the low mass region. In a way analogous to the doublet scenario, for m DM m W , the annihilation crosssection into gauge bosons becomes suppressed enough to give rise to the right relic abundance. In this high mass region, it takes the following form:
where
where we have taken m DM m T + , since the small mass splitting can be neglected in the high mass region. Notice that in the large mass regime, we typically have λ ξh v 2 /(2m 2 DM ) 1, and for the F v considered here we also have a d4 v 2 /F 2 1. These two contributions to M T will thus typically be small. In the LH side of figure 12 we show the high mass region results for F = 2.5 TeV and the non-composite case (F → ∞). As we can see, the lowest m DM values which generate the correct relic abundance are m DM 1.7 TeV. Hence there are no possible solutions for F = 0.8 TeV, since our effective Lagrangian assumes m DM < F . We also show the LUX and projected Xenon1T constraints. As we can see, the large mass region has not yet been probed by LUX and will only be partially tested by Xenon1T. From this plot, we see that while in the non-composite case a non-observation of signal in Xenon1T would imply m DM 2.1 TeV, in the composite scenario this upper bound can be easily avoided due to the presence of the dimension-6 derivative operator. Let us emphasize that for such large triplet masses the Sommerfeld effect can be non-negligible [61] . A full treatment of the Sommerfeld enhancement within composite dark matter scenarios is however beyond the scope of this work. Let us mention though that, already in the non-composite case, one expects a non-perturbative enhancement factor of the effective coupling driving the annihilation cross section which is approximately constant away from the resonances and is about 1.6 in the triplet case [26, 61] . This an implies even stronger lower bounds on m DM in the high mass region. For instance, if the Sommerfeld enhancement [62] is included in the non-composite limit, one would obtain m DM 2.1 TeV, instead of 1.7 TeV.
The effective Lagrangian in the non-composite limit contains only two parameters (λ 3 and m DM ) and, as in the singlet case, the DM-nucleus cross-section value is fixed (for a given m DM ) once the constraint on the relic abundance is imposed. The band seen in the LH side of figure 12 for F → ∞ is simply due to the fact that we allow Ω DM h 2 to vary within the interval [0.0941, 0.127]. For the composite case, however, λ ξh receives contributions from the dimension-6 coefficients λ 3 and a d1 . In this case, we can have larger or smaller values of σ DM p (when compared to the non-composite case), depending on the values of a d1 . In the RH side of figure 12 we show the values of |a d1 | in the σ DM p − m DM plane. We can clearly see that values of |a d1 | 0.3 correspond to the regions where the DMnucleus cross-section is either suppressed or enhanced with respect to the non-composite values. It is also interesting to notice that, while the low mass region requires F 1.2 TeV in order to generate enough mass splitting, the high mass region requires F > m DM 1.7 TeV. Hence there are no values of F for which there are solutions in both the low mass and the high mass regions. Furthermore, since the low mass region is already excluded by LUX, the triplet case can only provide a DM candidate for F > 1.7 TeV.
Higher Representations
Since the effective Lagrangian in eq. (3.24) is valid for any real DM representation, we can readily extrapolate the general conclusions obtained for the triplet case to higher dimensional representations. Since only odd representations contain a electrically neutral component, the possible representations higher than the triplet are the quintuplet (n = 5), the septuplet (n = 7) [43] . For any n-odd representation a mass splitting between the neutral (DM) and charged components is always induced by the dimension-6 operators proportional to λ 4,5 in composite scenarios. We expect the allowed solutions in the low mass region to be similar to the triplet case shown in figure 11 . Consequently, the low mass region remains excluded in the case of higher representations.
For the high mass range, given the results obtained for the doublet and triplet DM, one can expect that the threshold mass is the same in composite and non-composite scenarios. In the latter case, one can check that the total effective annihilation cross-section in the early universe has a given dependence in n [26, 43] . In the pure gauge limit it scales as (n 2 − 1)(n 2 − 3)/n for a multiplet of dimension n so that for n = 5 (7) one would have m min DM 4.3 (7.5) TeV. Again, one should expect that Sommerfeld corrections would push these thresholds to even higher masses, see [61] in the non-composite limit.
If we consider compositeness as a solution to the little hierarchy problem, we must require F 3 TeV in order to obtain a fine-tuning of the order of 1% or lower [23] . Therefore, since m DM < F , we see that the triplet is the highest DM representation allowed. Although there is still a small range of low DM masses allowed for all representations (50 GeV m DM 60 GeV), these solutions usually require extremely small values of λ ξh , which are unlikely to be generated in realistic models, where one expects λ ξh ∼ O(0.01−1). Consequently we conclude that Dark Matter representations higher than the triplet are highly disfavored in composite DM models.
Conclusions
The nature of DM is one of the greatest conundrums of our time. In spite of the fact that DM constitutes 85% of the total matter in the Universe, it continues to evade direct experimental observation. A reason for that may be connected to the fact that DM may be not elementary. Having this in mind we investigate composite multiplets that can arise in composite Higgs models and study the conditions under which they can be a suitable DM candidate.
We considered a class of composite models where the only composite states present in the low energy effective theory are the Higgs and the DM, the first being a bi-doublet and the latter a multiplet of SO (4), both pNGBs of a spontaneous broken global symmetry of a new unknown strongly coupled sector. We constructed and parametrized the most general effective Lagrangian up to dimension-6 operators under these general assumptions. We then checked if the different DM SO(4) multiplet candidates could account for all the DM assuming that the freeze-out mechanism is driving the relic abundance. For different DM representations under SU (2) L (or SO(4)) we derived the main DM observables (relic abundance, spin-independent DM-nucleon scattering cross-section, annihilation cross-sections) and imposed experimental constraints from direct and indirect detection experiments as well as LHC constraints from invisible Higgs decays.
In the generic singlet DM scenario (arbitrary cosets), the DM-nucleon scattering crosssection can be significantly suppressed and can evade all current experimental bounds for m DM ∼ > 100 GeV (except for a small discontinuity near the Higgs resonance), if F 0.8 TeV. However, once a specific model is considered (with a given coset), it can be severely constrained by the DM observables. As an example, we discussed the case G/H = SO(6)/SO(5).
The composite doublet DM models differ from the singlet one due to tree level DMgauge boson couplings and co-annihilations between DM multiplet components. There are two viable mass regions, one below the Higgs mass and one above ∼ 500 GeV. All points in the low mass region are either excluded by data or theoretically disfavored. For m DM ∼ > 500 GeV, the annihilation into gauge bosons get suppressed enough to account for the DM relic abundance, just as in the IDM scenario. In the case G/H = SO(6)/SO(4) × SO(2) presented in section 3.2.3, the dimension-6 operators allow for solutions only if F > 2 TeV. The DM mass is then constrained to the range 600(550) GeV ∼ < m DM ∼ < 0.8(1.2) TeV for F = 2.1(2.4) TeV.
The composite triplet DM scenario is also excluded by data in the low mass region, despite allowing for larger mass splittings between neutral and charged components than in the non-composite scenarios. The large mass region will only be partially tested by Xenon1T. We also mention that while in the non-composite triplet scenario a non-observation of a signal in Xenon1T would provide an upper bound on m DM , in the composite case this upper bound could be easily avoided. Finally, we have also examined higher representations and concluded they are highly disfavored in composite Higgs models if one requires small fine-tuning in the EW sector (or F < 3 TeV).
We have shown that DM in various representations in composite models can reproduce the correct relic abundance and still be compatible with limits on the Higgs invisible width and from the non-observation of DM in direct and indirect detection experiments. These models will be further put to the test by future LHC, direct and indirect detection data, either excluding them completely or revealing some exciting new physics. bara for its hospitality, where part of this work was completed. This research was also supported in part by the National Science 
A Dimension Six Operators for Composite DM
In order to compute the DM observables relevant for our results in section 3, it is essential to identify the relevant operators induced by the new strong sector. In sections 3.1, 3.2 and 3.3 we presented the effective Lagrangians considered in our analyses. Here we will derive them in detail and justify (when necessary) our choice of operators. First we consider the SM dimension-6 operators. In addition to the ones listed in L 6 (eq. 2.4) there are other SM dimension-6 operators that are in agreement with the assumptions discussed in section 2 but were not considered in our analysis. Assuming minimally-coupled theories and a specific basis, the following dimension-6 operators can be induced at tree-level by integrating out heavy states with spin 1 [32] [33] [34] [35] [36] :
where contributes at tree-level to the S parameter, which is very constrained by the electroweak precision data [24] . For these reasons, we do not consider these operators in our effective Lagrangians. On the other hand, (A.1, A.2) have the same suppression factor (1/F 2 ) as the operators in L 6 and should, in principle, be considered. However, these operators modify the gauge couplings to fermions which are in great agreement with the SM [24] . We can try to avoid this constraint by absorbing the universal part of the vertex corrections to a redefinition of the electroweak gauge fields [63, 64] . This restores the gauge couplings to their SM values, but it generates contributions to the electroweak precision parameters, which also are severely constrained by the experimental data. Therefore, all the operators in (A.1, A.2) are extremely constrained and we disregard them. We also neglect the 4-fermion operators since they do not affect the DM observables discussed here. Finally, operators that can only be generated at one-loop level, such asQ L σ j σ µν ψ R H c W j µν , are suppressed with respect to the operators in L 6 and can also be neglected.
In the remaining sections we compute the ξ-dependent part of the effective DM Lagrangian (L (2) ) for specific DM representations. In order to be consistent and also to reduce the number of free parameters, we assume in the DM sector the same simplifications previously required in the Higgs sector, i.e.
• we neglect the suppressed operators;
• from the electroweak precision data [24] we know that the c's in (A.1, A.2) must be very small (c Hψ 1). Here we assume that the analogous coefficients in the DM sector are also suppressed.
A.1 Singlet DM
The case of singlet DM is trivial since ξ can only couple to operators which are singlet under SU (2) L × U (1) Y . The only operators (up to dimension 6) containing two DM fields and the Higgs field contributing to the scalar potential are given by
The dimension-6 derivative interactions, corresponding to the effective CCWZ, must preserve the symmetry SO(4) ⊂ H, hence the only allowed operators are
The last two operators can be eliminated after the following field redefinitions
From the above result we see that choosing the coefficients a and a properly, the operators |H| 2 ∂ µ ξ∂ µ ξ and ξ 2 (D µ H) † D µ H can always be eliminated. Therefore, we obtain the following effective Lagrangian for the singlet DM field 
A.2 Doublet Dark Matter
The doublet DM, ξ ∼ (2, 2), is quite involved since in this case ξ has a non-zero hypercharge. However, the number of possible operators can be greatly simplified imposing SO(4) invariance and using suitable field redefinitions. In order to simplify the notation, we use the following SO(4) bi-doublets to construct the invariant operators Φ ≡ (H c , H) and Φ ξ = (ξ c , ξ) .
(A.9)
The above 2 × 2 fields transform under SO(4) as Φ → LΦR † and Φ ξ → LΦ ξ R † , (A.10) so Tr Φ † Φ is a SO(4) singlet.
